(OS) is the most common malignant tumor that originates in bone tissue, and it is prone to local invasion and early metastasis in children and young adults. Demethylcantharidin tablets are now used in the clinical treatment of hepatoma, esophageal and gastric carcinoma, and leukemia. 
Considering the strong antitumour effects and widespread use of NCTD, it is essential to determine whether NCTD has an effect on human OS. Therefore, the aim of our study was to evaluate the effects of NCTD on OS cell lines (MG63 and HOS) in vitro and in vivo, and to explore the underlying mechanisms.
| MATERIAL S AND ME THODS

| Cell culture
The human OS cell lines were purchased from the ATCC. The cells were cultured in DMEM supplemented with 10% FBS and 1% streptomycin-penicillin in a humidified atmosphere at 37°C and 5% CO 2 . The medium was changed every 2 days until the cells were used in the following procedures. 
| Cell proliferation assay
| Apoptosis
Cell apoptosis was evaluated using Annexin V fluorescein isothio- 
| Caspase-3 activity assay
The activity levels of caspase-3 were detected using a caspase-3 assay kit according to the manufacturer's instructions. Briefly, after cells were treated with various concentrations of NCTD (0, 50, 100, or 200 μmol/L), they were collected, lysed and centrifuged at 16 000 g for 20 minutes at 4°C. The supernatant containing protein was collected, and the protein concentrations were measured using BCA methods. Then, 50 μg of protein was incubated with buffer containing Ac-DEVD-pNA (2 mmol/L) at 37°C overnight, and the absorbance of yellow pNA (the cleavage product) was measured using a microplate reader at a wavelength of 405 nm. In addition, caspase-3 activity was calculated as a fold of the OD of the different NCTD concentrations relative to the OD of the control group.
| Cell cycle analysis
Cells were seeded in 100-mm dishes at a density of 1 × 10 6 cells/ dish and treated with various concentrations of NCTD (0, 50, 100
or 200 μmol/L) for 24 hours. The cells were collected and fixed in 70% ethanol at −20°C overnight. Then, the cells were incubated with 10 mg/mL RNase and 50 μg/mL PI for 30 minutes. The cell cycle distribution was assessed using flow cytometry and data analysis was performed using FlowJo software (TreeStar, Ashland, OR, USA).
| Scratch wound healing assay
MG63 and HOS cells were seeded into 6-well plates and cultured in a humidified atmosphere at 37°C and 5% CO 2 . When the cells had grown to a confluence of approximately 80%, the dish was scraped in a straight line with a p200 pipet tip, and the cells were treated with NCTD at concentrations of 0, 50, 100 and 200 μmol/L for 12 and 24 hours. The wound area was observed under an optical microscope.
| Transwell assay
Transwell assays with Matrigel were performed to evaluate cell migration and invasion as described previously. Briefly, MG63 and HOS cells were seeded on the upper surface of a transwell chamber at a density of 1 × 10 6 cells/well, treated with NCTD at concentrations of 0, 50, 100
and 200 μmol/L, and incubated at 37°C for 24 hours. Then, the cells in the upper parts of the chamber were removed, while the invaded cells were fixed, stained and counted under a high-power microscope.
| Colony formation assay
Cells were seeded into 6-well plates at a density of 500 cells/well. 
| Western blot analysis
Cells were seeded in 6-well plates and cultured in complete medium until they reached confluence. Then, the cells were lysed in RIPA buffer containing protease inhibitor at 4°C for 20 minutes.
The lysates were cleared by centrifugation at 12 000 g at 4°C for 10 minutes. The protein concentration of the cell lysate was measured using a BCA protein assay kit (Beyotime, Shanghai, China). 
| Xenograft tumor model
Four-week-old male BALB/C nude mice were purchased from Shanghai SLAC Laboratory Animal (Shanghai, China). All animal studies were carried out in accordance with the official recommendations of the Chinese Animal Community. The mice were housed with free access to a commercial diet and water under specific pathogenfree conditions. After the mice were acclimated for 1 week prior to study initiation, 100 μL of HOS cells at a density of 2 × 10 6 cells/ mL were injected into the right flank. Tumor volume (TV) was F I G U R E 1 NCTD inhibits cell viability in human OS cells. A, The chemical structure of NCTD. B, MG63 cells were treated with different concentrations of NCTD for 24 and 48 h. C, HOS cells were treated with different concentrations of NCTD for 24, 48 and 72 h, and cell viability was measured using a CCK-8 assay. D, Morphological changes in MG63 and HOS cells that were treated with NCTD for 24 h and photographed using an inverted phase contrast microscope. All data are represented as the mean ± SD (n = 3) for each group. *P < 0.05, **P < 0.01. NCTD, norcantharidin; OS, osteosarcoma measured daily and calculated according to the following formula:
where a is the longest diameter and b is the shortest diameter of the tumor). 10 When the average TV in all animals reached approximately 100 mm 3 , the nude mice were randomly assigned to 2 groups (with 6 nude mice/group). The NCTD groups received an intraperitoneal injection of 25 mg/kg NCTD every 2 days, while the control group was administered saline. TV was measured every 4 days to observe dynamic changes in tumor growth. After 28 days, all nude mice were killed, and the tumors were removed and weighed.
| Immunohistochemical analyses
Immunohistochemical analysis was performed to evaluate the pro- Images were obtained by a high-power microscope.
| Statistical analysis
Statistical analyses were performed using SPSS 21.0 statistical software (IBM Corp., Armonk, NY, USA) and the data are presented as the mean ± SD. Statistical significance was calculated using Dunnett's test or Student's t test for unpaired data, and P < 0.05 was considered statistically significant.
| RE SULTS
| Norcantharidin reduces the viability of human osteosarcoma cells
The chemical structure of NCTD is shown in Figure 1A . We ini- Figure 1D , MG63 and HOS cells were seeded at the same density in 6-well plates and treated with NCTD at concentrations of 0, 50, 100 and 200 μmol/L for 24 hours. Images obtained using an inverted phase contrast microscope showed a slight decrease in cultured cell numbers in the 50 μmol/L NCTD group compared to that in the control group and significantly reduced cell numbers at the 100 and 200 μmol/L NCTD concentrations. These data suggest that NCTD inhibits the growth of human OS cells.
| Norcantharidin arrests human osteosarcoma cells at the S phase and affects the expression of cell cycle proteins
To delineate the mechanisms by which NCTD inhibits cell viability, we examined the cell cycle distribution using flow cytometry (Figure 2A) . The results showed that cell cycle progression was significantly inhibited at the S phase, as presented in Figure 2B . To obtain additional information, cell cycle regulatory protein expression was investigated by western blotting ( Figure 2C ). The results
showed that NCTD treatment led to a significant dose-dependent decrease in the levels of cyclin D1, but p27 expression was elevated ( Figure 2D ). These data further demonstrated that NCTD inhibits the growth of human OS cells at the S phase.
| Norcantharidin induces apoptosis and alters the expression of apoptosis-associated proteins in human osteosarcoma cells
To investigate the mechanism by which NCTD inhibits cell viability,
we analyzed the effects of NCTD on cell apoptosis using flow cytometry ( Figure 3A) . The results indicate that the number of Annexin V-FITC-positive and PI-positive cells increased as the NCTD concentration increased ( Figure 3B ). As caspases are proteolytic enzymes that are essential for apoptosis, the increased caspase activity results in cell apoptosis, with caspase-3 activation as the ultimate executioner of apoptotic pathways. As shown in Figure 3C , treatment with different concentrations of NCTD for 24 hours resulted in obviously increased caspase-3 activity in the OS cell lines.
To investigate the role of the Bcl-2 family in NCTD-induced apoptosis, we evaluated protein expression levels by western blotting. As shown in Figure 3D ,E, treatment with NCTD for 24 hours markedly downregulated the expression levels of the anti-apoptotic protein Bcl-2 and increased the expression levels of the pro-apoptotic protein Bax. We also examined the effect of NCTD on the expression of 2 critical apoptosis-related proteins (caspase-3 and caspase-9) in MG63 and HOS cells. NCTD activated caspase-3 and caspase-9 in a dose-dependent manner. These in vitro results confirmed that NCTD induces apoptosis in human OS cells.
| Norcantharidin decreases the colony formation ability of osteosarcoma cells
Furthermore, we determined the tumorigenicity of OS cells using the colony formation assay. After a 24-hour treatment with various
concentrations of NCTD, MG63 and HOS cells were cultured for another 14 days, and the number of colonies was counted. As shown in Figure 4A ,B, NCTD decreased the number of colonies in a dosedependent manner in the human OS cells.
| Norcantharidin suppresses the migration and invasion of osteosarcoma cells and reduces MMP2 and MMP9 protein expression
Representative photographs of cells migrating into scratch wounds are shown in Figure 5A . NCTD significantly inhibited cell migration in a dose-dependent manner (
Figure 5B 
| Norcantharidin induces autophagy and mitophagy and alters the expression of autophagyrelated proteins
Given that NCTD inhibited the expression of Akt, it is important to consider whether NCTD inhibits the Akt/mTOR signaling pathways and induces autophagy in human OS cells. Autophagy is a complex process that can be triggered or repressed by multiple signaling pathways. Among these pathways, mTOR is represented as a key negative regulator of autophagy. 13 As shown in Figure 7A , exposure to NCTD strikingly attenuated the phosphorylation of mTOR in both MG63 and HOS cells, and no change in total mTOR was observed.
To confirm NCTD-induced autophagy of OS cells, the expression levels of LC3-I, LC3-II and p62 were measured by western blotting after treating OS cells with NCTD. As shown in Figure 7B , treatment of OS cells with NCTD accelerates the differentiation of LC3-I into LC3-II and downregulates p62 expression.
The effect of mitophagy has been widely studied and is considered to be an early manifestation of cell autophagy. Mitochondrial damage compromises mitochondrial functions, thereby inducing mitophagy. 14 We investigated whether mitophagy occurs after NCTD treatment to further explore the mechanism underlying NCTD-induced autophagy in OS cells. Many studies have shown that PINK1 and Parkin interact to regulate mitochondrial function, and the PINK1/Parkin pathway is associated with mitophagy.
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The activation of PINK1 is an initiating event that induces mitophagy. 16 As shown in Figure 7B ,C, after treatment with different concentrations of NCTD, both PINK1 and Parkin protein expression levels increased in MG63 and HOS cells. These results suggest that NCTD induced autophagy and mitophagy in human OS cells.
| Norcantharidin induces endoplasmic reticulum stress in osteosarcoma cells
Several studies have reported the induction of endoplasmic reticulum (ER) stress during apoptosis in various tumor cells. 17 Therefore, we investigated ER stress-associated proteins. Our results indicate that NCTD significantly increased the expression of GRP78, ATF-4,
p-eIF2α and CHOP in a concentration-dependent manner in MG63
and HOS cells ( Figure 8A,B) . These results suggest that NCTD triggers ER stress in human OS cells.
| Norcantharidin inhibits tumor growth in a xenograft model of human osteosarcoma
Finally, we investigated the effect of NCTD on tumor growth in vivo using HOS xenograft nude BALB/C mice. After 28 days, the NCTD-treated group exhibited a lower TV than the control group ( Figure 9A ). In addition, NCTD did not significantly alter the total body weight ( Figure 9B ) but decreased the tumor weight compared to that of the control group ( Figure 9C,D) . Furthermore, the proliferation indices (as indicated by Ki67 and PCNA expression) were lower in tumor specimens from the NCTD-treated group than in tumor specimens from the control group ( Figure 9E,F) . These findings indicated that NCTD efficiently suppresses human OS tumor growth in vivo.
F I G U R E 2 NCTD induces cell cycle arrest in human OS cells. A, MG63 and HOS cells were exposed to various concentrations of NCTD for 24 h, followed by analysis of the cell cycle by flow cytometry. B, Quantification of the percentage of cells in G0/G1, S and G2/M phase for each OS cell line. C, Western blot analysis of cell cycle-associated protein extracts obtained from OS cells treated with different concentrations of NCTD for 24 h. D, Quantitative analyses of western blots. The data are presented as the mean ± SD (n = 3). *P < 0.05, **P < 0.01 vs the control group. NCTD, norcantharidin; OS, osteosarcoma
| D ISCUSS I ON
Poor response to chemotherapy is a major challenge in OS treatment. 2 NCTD has been reported clinically as a safe and effective antitumor drug for treating many types of tumors in the clinic, but little is known about its effect on human OS. 9 In this work, 2 human OS cell lines, MG63 and HOS, were used to elucidate the mechanism that underlies the antitumor activity of NCTD. In our study, NCTD pathway was postulated to be important in OS formation because the selective inactivation of phospho-stat3 blocks tumorigenesis in OS. 22 In addition, Akt and ERK represent 2 of the most important intracellular pathways that drive tumor cell survival, transformation and proliferation. 23 It has been demonstrated that cancer cells are able to survive metabolic and therapeutic stresses through autophagy. 24 Furthermore, Akt signaling is able to strongly influence the activation of autophagy. 13 This emerging role led us to evaluate the possible induction of autophagy in response to NCTD treatment.
Apoptosis, type I programmed cell death, has been widely stud- pro-apoptotic proteins, such as Bax. 25 In our study, NCTD treatment led to the loss of MMPs, and this change was accompanied by an increase in the pro-apoptotic protein Bax and a decrease in the anti-apoptotic protein Bcl-2, which led to the cleavage of active caspase-3 and caspase-9. This process causes morphological and biological apoptotic changes and eventually inhibits proliferation and accelerates apoptosis in human OS cells.
Autophagy, type II programmed cell death, is an independent cell death process that is different from apoptosis. 26 The transformation of non-lipidated LC3 (LC3-I) into its lipidated form (LC3-II)
with concomitant degradation of p62 represents the process of autophagy. 27 Excessive autophagy is likely to accelerate apoptosis, promoting cell death. 28 Previous studies have demonstrated that the Akt/mTOR signaling pathway is critical for cell autophagy and that the suppression of this pathway could inhibit the progression of various malignant tumors. 13 The present investigation showed The ER stress response exists in diverse biological systems and plays roles in the regulation of cell proliferation in many tumor cells. 29 There is also evidence that the induction of ER stress proteins plays a role in apoptosis in various cancer cells. 17 GRP78 functions as a molecular chaperone and is a major regulator of ER stress, as it maintains the integrity of the ER and controls the activation of unfolded protein response (UPR) signaling molecules. 30 The UPR involves 3 proteins (i.e. inositol-requiring enzyme-1, activating transcription factor 6 and protein kinase R-like ER kinase [PERK] ), that respond to the accumulation of unfolded proteins as part of a survival response. 31 When the ER stress response occurs, PERK dissociates from GRP78, activates itself by oligomerization and phosphorylation, and directly phosphorylates the translation initiation factor eIF2α, leading to a general attenuation of protein synthesis. In addition, the activation of PERK leads to increased expression of ATF4 and its targeted transcription factor, CHOP, during ER stress. 32 In our study, the possible relationship between NCTD-induced ER stress and apoptosis is that NCTD induces the activation of GRP78 during the early stages of apoptosis and later activates the transcription factor ATF4 and binds to the CHOP promoter. There is a subsequent increase in mitochondrial membrane permeability due to the dephosphorylation of Akt, and ATF-4/CHOP appears to mediate the transduction of apoptotic signals from the ER to the mitochondria. These results indicate that NCTD induced ER stress F I G U R E 8 NCTD induces ER stress in human OS cells. A, MG63 and HOS cells were incubated with NCTD (0, 50, 100 or 200 μmol/L) for 24 h, and the protein expression levels of GRP78, ATF-4, p-eIF2α and CHOP were assessed by western blotting. B, Quantitative analyses of the western blots. The data are presented as the mean ± SD (n = 3). *P < 0.05, **P < 0.01 vs the control group. ER, endoplasmic reticulum; NCTD, norcantharidin; OS, osteosarcoma and led to accelerated apoptosis mediated by GRP78-phosphoeIF2α-ATF4-CHOP in human OS cells.
In conclusion, our results demonstrate that NCTD can arrest the cell cycle and induce apoptosis in human OS cells, and these effects are mediated by the induction of autophagy, the triggering of ER stress and the inactivation of the c-Met/Akt/mTOR pathway.
These findings provide important new insights into the possible molecular mechanisms of NCTD and highlight its potential use as an antitumor drug for human OS. Currently, this drug is orally administered in the form of demethlcanthardin tablets, which may limit its application for local treatment, and a sarcoma-targeting peptide-guided intracellular drug delivery system requires further investigation. 
33
ACK N OWLED G M ENTS
CO N FLI C T O F I NTE R E S T
The authors have no conflict of interest.
F I G U R E 9 NCTD suppresses the growth of human OS xenograft tumors in vivo. A, The volumes of the xenograft tumors were measured and compared every 4 d. B, The weight of each nude mouse was measured and compared every week. C,D, Four weeks after treatment initiation, the xenograft tumors were retrieved from the mice, and the tumor weight was measured and compared. E,F, Xenograft tumors were stained with Ki67 and PCNA antibodies using IHC analysis (original magnification, 400×). The data are presented as the mean ± SD (n = 3). *P < 0.05, **P < 0. 
